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6Institució Catalana de Recerca i Estudis Avançats (ICREA), Passeig Lluis Companys 23, 08010 Barcelona, Spain
*Correspondence: ben.lehner@crg.eu (B.L.), juan.valcarcel@crg.eu (J.V.)

http://dx.doi.org/10.1016/j.celrep.2014.08.016

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

SUMMARY

Many eukaryotic genes contain embedded antisense
transcripts and repetitive sequences of unknown
function. We report that male germline-specific
expression of an antisense transcript contained in
an intron of C. elegans Target of Rapamycin (TOR,
let-363) is associated with (1) accumulation of
endo-small interfering RNAs (siRNAs) against an
embedded Helitron transposon and (2) activation
of an alternative 30 splice site of TOR. The germline-
specific Argonaute proteins PRG-1 and CSR-1,
which participate in self/nonself RNA recognition,
antagonistically regulate the generation of these
endo-siRNAs, TOR mRNA levels, and 30 splice-site
selection. Supply of exogenous double-stranded
RNA against the region of sense/antisense overlap
reverses changes in TOR expression and splicing
and suppresses the progressive multigenerational
sterility phenotype of prg-1 mutants. We propose
that recognition of a ‘‘nonself’’ intronic transposon
by endo-siRNAs/the piRNA system provides physio-
logical regulation of expression and alternative
splicing of a host gene that, in turn, contributes
to the maintenance of germline function across
generations.

INTRODUCTION

Small RNAs have been implicated in multiple aspects of gene

function, from chromatin and transcriptional regulation in the

cell nucleus to the control of mRNA stability and translation in

the cytoplasm (Castel and Martienssen, 2013; Pasquinelli,

2012). The capacity of small RNA molecules to base pair with

their targets and recruit a variety of biochemical activities pro-

vides an attractive mechanism to attain specific regulation of

gene expression. A number of protein cofactors, typically mem-

bers of the Argonaute family (Meister, 2013), assist small RNAs in

these functions. Although alternative splicing of mRNA precur-

sors is a prevalent mechanism of gene regulation in multicellular

organisms (Braunschweig et al., 2013), a physiological role for

small RNAs in pre-mRNA splicing regulation has remained

elusive. Exogenous small interfering RNAs (siRNAs) have been

shown to regulate alternative splicing by modulating chromatin

structure and RNA polymerase II elongation rates (Alló et al.,

2009), suggesting a possible mechanism for the function of

endogenous small RNAs as well. Depletion or mutation of

Argonaute-2 influences alternative splicing in Drosophila, but

this activity is independent of its classical catalytic function

and may rather depend on direct binding of the protein to

G-rich sequence motifs (Taliaferro et al., 2013). In mammalian

cells, Argonaute-1 and -2 have been shown to associate with

splicing factors, facilitate spliceosome recruitment, and modu-

late RNA polymerase II rates, affecting alternative splicing

(Ameyar-Zazoua et al., 2012).

Expression of antisense transcripts and alternative splicing are

often correlated in plants and human cells, and this correlation

may extend to multiple metazoan species (Jen et al., 2005; Mor-

rissy et al., 2011). Regions of sense/antisense overlap are asso-

ciated with higher nucleosome density and RNA polymerase II

accumulation (Morrissy et al., 2011). Bidirectional transcription

can be a source of endogenous small interfering RNAs (endo-

siRNAs) (Lehner et al., 2002; Okamura et al., 2008), which, in

turn, can induce chromatin modifications and influence tran-

scription elongation via the activity of Argonaute pathways (Bur-

khart et al., 2011; Guang et al., 2010).

PIWI-interacting RNAs (piRNAs) target transposon sequences

in animal germlines to repress transposon expression and pre-

vent genomic instability, a phenomenon that involves the

establishment of transgenerational epigenetic states (Luteijn

and Ketting, 2013). Recent findings uncovered an epigenetic
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memory of self/nonself RNA in the C. elegans germline initiated

by piRNAs (Ashe et al., 2012; Bagijn et al., 2012; Lee et al.,

2012; Seth et al., 2013; Shirayama et al., 2012). In this system,

the Piwi Argonaute PRG-1 binds to genomically encoded 21-U

piRNAs (Batista et al., 2008; Das et al., 2008; Wang and Reinke,

2008) and promotes their accumulation, and together they scan

for foreign RNA sequences to initiate their silencing. Silencing

is maintained by WAGO Argonaute proteins, which mediate

repressive epigenetic modifications of chromatin. Because

of the variety of sequences present at piRNA loci, expression

of some endogenous genes requires the licensing activity of

another Argonaute, CSR-1 (Cecere et al., 2014; Lee et al.,

2012; Seth et al., 2013; Shirayama et al., 2012; Wedeles et al.,

2013).

In this work, we investigate whether endo-siRNAs and Argo-

naute proteins play a physiological role in the regulation of

alternative splicing during development. Our results reveal the

co-option of the C. elegans system involved in epigenetic mem-

ory of self/nonself RNA for the regulation of expression and

splicing of the Target of Rapamycin (TOR or let-363) gene.

TOR is a highly conserved serine/threonine kinase that regulates

cell growth and metabolism in response to nutrients and the

energy status of the cell (Cornu et al., 2013). We propose that

the regulation of TOR by the piRNA pathway contributes to the

maintenance of germline function across generations.

RESULTS

We used RNA sequencing (RNA-seq) to identify germline-spe-

cific antisense RNAs in samples from wild-type C. elegans her-

maphrodites, purified males [him-8(e1489)] and mutant worms

that exclusively produce either sperm [fem-3(q20)] or oocytes

[fem-1(hc17)]. Fifty-eight male germline-specific antisense

RNAs were identified, including B0261.6, whose sense counter-

part is let-363, the C. elegans ortholog of Target of Rapamycin

(TOR) (Figures 1A and S1). Quantitative RT-PCR (qRT-PCR)

and in situ hybridization analyses confirmed specific expres-

sion of these protein-coding antisense transcripts in gonads
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Figure 1. Identification of Sperm-Specific Antisense Transcripts

(A) let-363 (TOR) genomic region. mRNA-seq reads from wild-type adults (N2), purified adult males [him-8(e1489)], and mutant adult worms that exclusively

produce sperm [fem-3(q20)] or oocytes [fem-1(hc17)] are shown; exons of antisense transcripts B0261.6 and B0261.5 are represented in green; the region with

male germline expression is flanked by black arrows; the position of TOR introns 21 and 24 is indicated.

(B) In situ hybridization of gonads from L4 hermaphrodites using a probe complementary to B0261.6 transcripts; DAPI staining is also shown.

(C) Small RNA-seq data retrieved from Gent et al. (2009, 2010) for N2 L4 worms and germline-less glp-1 worms; repeat elements as identified by Repeatmasker

are represented in black; a Helitron transposon within the B0261.6 antisense locus is indicated by a red arrow.
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undergoing spermatogenesis (Figures 1B and S1). Twenty out of

the 58 sense genes generate mRNA isoforms by alternative

splicing according to RNA-seq evidence, seven of which are

annotated WormBase events (Table S1), with six out of seven

alternatively spliced regions located 30 of the site of antisense

transcription.

Two mRNA isoforms of let-363 are generated by alternative 30

splice-site selection in intron 24 (Figure 2), leading to TORprotein

isoforms that differ by the presence (isoform a) or absence (iso-

form b) of three amino acids in the TOR FAT domain. In fission

yeast and mammalian cells, this region mediates allosteric regu-

lation affecting metabolic pathways like nutrient sensing (Urano

et al., 2007). We measured by qRT-PCR the relative use of the

alternative 30 splice sites at different developmental stages and

tissues. We observed a 4-fold increase in the ratio between iso-

forms a and b from the L2/3 to the L4 larval stage, when sper-

matogenesis, but not oogenesis, starts to take place (Figure 2).

The observation of the switch in adult males and of even higher

a/b ratios in L4 gonads and isolated sperm (Figure 2) is consis-

tent with the splicing switch occurring in the male germline. A

further increase in a/b isoform ratios was observed in adult

worms, and analysis of sex-selected samples and oocytes indi-

cated that TORa is indeed enriched in germ cells (Figure S2).

Collectively, our results indicate that C. elegans TOR alternative

splicing is regulated during development, with isoform a being

highly enriched in germline, and that, in the male germline, mod-

ulation of the levels of isoform a coincide with sperm-specific

expression of an antisense transcript. Changes in four other

alternative splicing events between L4 larvae and adults, corre-

lating with sperm-specific expression of antisense transcripts,

were identified, but, because of their relatively small magnitude

(Figure S1; data not shown), we focused our further analyses

on TOR.

We next compared small-RNA cDNA reads (Gent et al., 2009,

2010) from samples corresponding to hermaphrodite L4 worms

with or without a germline. Male germline-specific endo-siRNAs

neighboring regions of sense/antisense overlap were identified

in several genes (Figures 1C and S1). In particular, abundant

sperm-specific endo-siRNAs can be aligned to let-363, mapping

to a region in the first intron of the antisense transcript where a

transposon of the Helitron family is located (Figures 1C and

S2). Helitrons are transposable elements that, in contrast with

conventional cut-and-paste mechanisms, transpose by rolling-

circle replication (Kapitonov and Jurka, 2001). They contain

conserved termini but no terminal inverted repeats, constitute

about 2% of the C. elegans genome, and are believed to play

a major role in the evolution of host genomes (Kapitonov and

Jurka, 2007).

A conserved pathway of transposon and exogenous se-

quence silencing in the germline of animal species involves the

family of endo-siRNAs known as piRNAs, whose production

depends on the germline-specific PIWI-related protein PRG-1

(Batista et al., 2008; Das et al., 2008; Wang and Reinke, 2008).

A substantial reduction of endo-siRNAs targeting B0261.6 intron

1 (including the Helitron transposon), but not some other regions

of the transcript, was observed in prg-1 mutants compared to a

control strain (Batista et al., 2008) (Figures 3A and 3B). Consis-

tent with prg-1-mediated Helitron silencing, mRNA levels of

Helitron2_CE (the putative DNA helicase required for Helitron

activity) (Kapitonov and Jurka, 2001) are upregulated more

than 30-fold in prg-1 worms (Figure 3C). Thus, PRG-1 silences

Helitrons and is involved in the generation of endo-siRNAs that

target the antisense transcript of TOR. The sequences of the

Helitron family members are clearly distinguishable from other

related mobile elements, and therefore endo-siRNAs against

this region should specifically target this class of transposons.

Endogenous transcripts targeted by piRNAs maintain their

expression through an epigenetic memory of self/active that is

likely mediated by CSR-1, another protein of the Argonaute fam-

ily (Lee et al., 2012; Seth et al., 2013; Shirayama et al., 2012;

Wedeles et al., 2013). We determined the effects of a csr-1

mutant on the abundance of endo-siRNAs targeting this locus

by aligning small-RNA cDNA reads previously generated from

csr-1(tm892) mutant and wild-type worms against TOR intron

21 (Claycomb et al., 2009). In contrast with the depletion of

siRNAs targeting the Helitron observed in prg-1 mutants, csr-1

mutants showed a statistically significant increase in these

RNAs (Figure 3E), which extended also to exons 2 and 3 of the

B0261.6 gene (Figure 3D), and a decrease in Helitron2_CE heli-

case mRNA (Figure 3C). We conclude that CSR-1 antagonizes

PRG-1 in the generation, amplification, or stabilization of

siRNAs targeting both the Helitron and B0261.6.

Next, we measured the levels of TOR and B0261.6 in prg-1

and csr-1 mutant L4 worms after normalizing for the proportion

of male germline cells using the average of three sperm-specific

markers (Figure S3). The results revealed significantly higher

levels of TOR and B0261.6 RNAs in prg-1 mutants, whereas a

reduction was observed in csr-1 mutants (Figures 4A and 4B).

We therefore observe an inverse association between the levels

of TOR/B0261.6mRNAs and the levels of endo-siRNAs targeting

this region in prg-1 and in csr-1mutant worms. Thus, PRG-1 and
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Figure 2. TOR, let-363, Alternative Splicing Regulation

Top. TOR alternatively spliced region involves two alternative 30 splice sites

separated by nine nucleotides (corresponding to protein variants differing by

three amino acids). Bottom. Ratio between TORa and b isoforms in RNAs

isolated from different developmental stages or tissues, analyzed by qRT-

PCR. Error bars correspond to the SD of at least three biological replicates,

each with three technical qPCR replicates.
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CSR-1 may be part of an endo-siRNA-mediated pathway that

regulates the expression of TOR and its antisense transcript,

where PRG-1 is involved in the establishment of a nuclear

silencing pathway, which is antagonized by the licensing activity

of CSR-1.

We detected a dramatic decrease in TORa isoform in prg-1

mutant L4 worms (but not changes in other alternative splicing

events, Figure S3) and higher levels in csr-1 mutant L4 worms

(Figure S3), even after normalizing for the expression of germline

markers (Figure 4C) and controlling for the precise timing of

spermatogenesis in hermaphrodites (Figure S3). In contrast

with the splicing differences observed in L4 worms, wild-type

levels of TORa were detected in prg-1 and csr-1 mutant adult

worms (Figure S3). Thus,mutation of PRG-1 or CSR-1 Argonaute

proteins alters the expression of TOR both at the level of mRNA

expression and RNA processing, and this Ago-dependent

splicing pathway is specific to the L4 stage of development,

consistent with the idea that prg-1 and csr-1 act antagonistically

to regulate TOR expression and splicing specifically during

spermatogenesis.

Given the convergence between endo- and exo-siRNA path-

ways (Gu et al., 2009; Pak and Fire, 2007; Yigit et al., 2006), we

hypothesized that exogenous supply of siRNAs against this re-

gion could mimic the function of endo-siRNAs generated by

PRG-1. We performed RNAi against TOR intron 21 (containing

B0261.6) or against intron 22 as a control. Feeding of prg-1

worms with bacteria expressing intron 21 double-stranded

RNA (dsRNA) promoted TORa isoform accumulation to an extent

similar to the effect of csr-1mutants that increase the accumula-

tion of endo-siRNAs (Figures 4D and 3E). In contrast, feeding of

prg-1 worms with intron 22 dsRNA or dsRNA against other

genomic regions (see below) did not lead to an increase in

TORa isoform (Figure 4D).

As recently reported (Simon et al., 2014), we observed that

prg-1 mutant worms display a progressive sterility phenotype,

with a reduction to less than 10% of the progeny after more

than 20 generations compared to mutants from earlier genera-

tions (Figure S4). This is similar to the steady worsening of de-

fects in gamete formation in strains with mutations in HRDE-1,

a nuclear Argonaute protein that functions in multigenerational

RNAi inheritance (Buckley et al., 2012). We observed that

prg-1 mutants exhibiting a pronounced sterility phenotype

have increased progeny when crossed with wild-type males

(Figure S4). This observation is consistent with Wang and Reinke

(2008) and indicates that the prg-1 sterility phenotype is mainly

due to defects in spermatogenesis. Considering the effects of

prg-1 mutation on TOR expression and splicing (Figures 4C

and 4D) and the importance of TOR for physiological control of

germline development (Hubbard et al., 2013), we wondered if

the progressive sterility of prg-1 mutants could be, at least in

part, suppressed by reversing the changes in TOR expression/

splicing. To assess this, we carried out three independent rescue

experiments measuring the fraction of fertile worms and/or

progeny counts of prg-1 mutant worms fed with dsRNA against

intron 21 for several generations. As controls, we used dsRNA

against intron 22, against other sperm-specific transcripts

(e.g., F55D12.6), or against other intronic regions containing

Helitron transposons (e.g., R04D3.7). Indeed, after a few gener-

ations, a significantly higher percentage of fertile worms was

observed in prg-1 mutants fed with dsRNA against intron 21,

correlating with corrected TOR expression and splicing (Figures

4C and 4D), than inmutants fedwith dsRNA targeting intron 22 or

targeting the germline-specific transcript F55D12.6 (Figure 4E).

RNAi against a helitron-containing region in the gene R04D3.7

also maintained, for several generations, a higher fraction of

fertile worms than control L4440 worms, although generally at

lower levels than RNAi against intron 21 (Figures 4E and S4).

This result suggests that generation of piRNAs against related

Helitron elements contributes to maintain fertility by preventing

transposon expression/mobilization and thus maintaining germ-

line genomic stability, in agreement with classical functions of

piRNAs (Brennecke et al., 2007). A very significant difference
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Figure 3. Analysis of Endogenous Small

RNAs Targeting B0261.6

(A) Quantification of sRNA-seq reads targeting the

different regionsofB0261.6 indicated, forwild-type

N2 (graybars) andprg-1(tm872) (whitebars)worms

(sequence data taken from Batista et al., 2008).

(B)Ratio of sRNA-seq readsmappable to intron1of

B0261.6,which include reads corresponding to the

Helitron transposon that can also map to other

genomic copies of this repetitive element, between

prg-1 mutant and wild-type worms; p value

(Fisher’s exact test) corresponds to reads ratio af-

ter normalizing by sequencing coverage.

(C) Helitron_CE transposase mRNA levels in prg-1

or csr-1 mutant worms, normalized to the levels

detected in N2 L4 worms, analyzed by qRT-PCR

in three biological replicas (error bars indicate

the SD).

(D) Quantification of sRNA-seq reads as in A) for N2

(gray bars) and csr-1(tm892) (white bars) worms

(sequence data taken from Claycomb et al., 2009).

(E) Ratio of sRNA-seq reads between csr-1 mu-

tants and wild-type worms represented as in (B).
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was observed, however, in the percentage of fertile worms at late

generations (Figure 4E) and in progeny numbers (Figure 4F) be-

tween worms fed with dsRNA against intron 21 and against

R04D3.7, with four to five times higher progeny counts reproduc-

ibly observed with dsRNA against intron 21 over multiple gener-

ations (Figure 4F). Similar results were obtained in independent

rescue experiments using additional dsRNA controls (Figure S4).

RNAi targeting intron 21 did not increase progeny counts of wild-

type worms (Figure S4), arguing that the effect is specific for the

rescue of the effects of prg-1 mutation. Because only RNAi

against intron 21 reverses the effects on TOR expression and

splicing (Figure 4D), this suggests that (1) the generation of

endo-siRNAs against intron 21 increases TOR/TORa levels

during hermaphrodite L4 spermatogenesis and (2) this may

contribute to maintain the levels of fertility across generations.

Our results also argue that, in addition to transposon expression

and/or mobilization (Brennecke et al., 2007), reversible epige-

netic changes in gene regulation and RNA processing contribute

to Piwi-associated sterility.

DISCUSSION

Our results provide two main insights. First, they link the function

of endo-siRNAs and the proposed csr-1/prg-1 epigenetic mem-

Figure 4. Mutation of prg-1 and csr-1

Affects TOR Gene Expression and Alterna-

tive Splicing

(A and B) qRT-PCRs monitoring TOR (A) and

B0261.6 (B) expression in L4 worms (wild-type N2

and prg-1 and csr-1mutant strains), normalized to

the average expression of three male germline-

specific markers.

(C) TOR isoform ratios in the same samples as in

(A) and (B) also normalized by the expression of

sperm-specific markers.

(D) TOR isoform ratios for prg-1 worms fed with

dsRNA-producing bacteria; L4440 corresponds to

the empty vector used for RNAi, intron 21 and

intron 22 correspond to regions spanning each of

the complete introns of TOR, except for the 50 and
30 terminal 50 bp, F55D12.6 corresponds to a

germline-specific transcript, and R04D3.7 corre-

sponds to a helitron-containing region.

(E) Rescue of the progressive sterility of prg-1

worms by different RNAi treatments. prg-1(tm872)

mutant worms were fed with dsRNA-producing

bacteria, as in (D), and the percentage of fertile

worms calculated as the fraction of plates seeded

with ten L4 worms that produce more than 20 L4

worms after 3–5 days (Simon et al. 2014; see also

Experimental Procedures).

(F) Progeny counts from prg-1(tm872) worms fed

with dsRNA-producing bacteria as in (E), after the

indicated number of generations. Average and SD

for the progeny counts in the remaining plates (four

for L4440, six for i21 and R04D3.7) are indicated.

ory system for self/nonself RNA recogni-

tion in C. elegans with physiological

regulation of expression and alternative

splicing of TOR (let-363) in the male germline. The results there-

fore argue that the small-RNA-mediated epigenetic mechanism

that distinguishes between self and nonself sequences to main-

tain genome integrity (Ashe et al., 2012; Bagijn et al., 2012; Lee

et al., 2012; Seth et al., 2013; Shirayama et al., 2012; Wedeles

et al., 2013) can be co-opted for the quantitative and qualitative

regulation of expression and splicing of endogenous genes. The

large introns of higher eukaryotic genes frequently contain ex-

pressed antisense transcripts and repetitive elements (Lehner

et al., 2002), and it is conceivable that in many instances such

intragenic transcripts may actually be functional precisely

because they are recognized and targeted as foreign by the

Piwi system. Consistent with this, sperm-specific overexpres-

sion of the B0261.6 cDNA from a single insertion site did not

have phenotypic consequences (Figure S4), further arguing

that it is the expression of the helitron-containing intronic region

of B0261.6 that is involved in the regulation of TOR expression

and fertility. Given the diverse piRNAs identified in mammalian

genomes, the co-option of the nonself sequence management

system for the regulation of endogenous genes may also occur

in humans (Girard et al., 2006).

The piRNA pathway has been implicated inmaternal deadeny-

lation and mRNA decay in Drosophila embryos (Rouget et al.,

2010) and in gene silencing in fly testes (Nishida et al., 2007).
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Moreover, CSR-1 was shown to be involved in 30 end formation

of histone mRNAs (Avgousti et al., 2012) and more recently in

propagating the distinction between transcriptionally active

and silent genomic regions (Cecere et al., 2014; Wedeles et al.,

2013). The antagonistic effects of Argonaute proteins PRG-1

and CSR-1 influence piRNA synthesis and/or function, which,

in turn, modulate TOR expression and usage of its 30 splice
site a. The piRNA pathway is therefore involved in the activation

of splice site a in the male germline. Possible direct molecular

mechanisms by which B0261.6 expression and the consequent

targeting of endo-siRNAs affect TOR alternative 30 splice-site
choice include the introduction of chromatin modifications (Bat-

sché et al., 2006; Cecere et al., 2014), modulation of the elonga-

tion rate of RNA polymerase II (Guang et al., 2010), or even direct

base pairing interactions between endo-siRNAs and target se-

quences in TOR pre-mRNA. Their effects could also resemble

those inducing RNAi-dependent heterochromatin formation in

fission yeast, which are mediated by the association of Argo-

naute complexes with nascent transcripts (Bühler et al., 2006).

Alternatively, given that the switch to the a isoform occurs—

even to a larger extent—in the female germline, the function of

the piRNA pathway could be mainly to counteract inhibitory

effects on splice site a activation due to transcription of the

sperm-specific antisense B0261.6 mRNA (Figure S4). The 30

splice-site switch between isoforms a and b affects three amino

acids of a region involved in allosteric regulation and nutrient

sensing in mammalian TOR (Urano et al., 2007). It is therefore

conceivable that the different isoform ratios reached by the

male versus female pathways contribute to the observed differ-

ences in nutrient sensing between spermatogenesis and oogen-

esis in C. elegans (Seidel and Kimble, 2011).

Our second key observation is that the progressive fertility de-

fects of Piwi mutants can be reversed by feeding with double-

stranded RNAs corresponding to the region of sense/antisense

overlap in TOR. This dsRNA also partially restores the levels of

TOR expression and alternative splicing. Although technical dif-

ficulties prevented us from proving a causal relationship, a parsi-

monious working model is that the regulatory circuit of sense/

antisense transcription, endo-siRNAs, and Argonaute proteins

that influence expression and alternative splicing of TOR has

physiological consequences for sperm functionality and fertility.

This also implies that the progressive fertility defects of Piwi mu-

tants are at least partially epigenetic. Recent results further argue

for the epigenetic nature of transgenerational memory, which is

found to rely upon the balance between euchromatic and hetero-

chromatic histone H3 methylation marks (Greer et al., 2014).

Given the stronger rescue by intron 21 RNAi (Figures 4E and

4F), we propose that modulation of TOR activity contributes to

the rescue of the fertility of prg-1mutant male germline. Remark-

ably, recent work by Simon et al. (2014) demonstrates that the

transgenerational aging of germ cells caused by Piwi deficiency

can be reversed by reduced signaling in the Insulin/IGF Signaling

(IIS) pathway and consequently by constitutive activation of the

prolongevity transcription factor DAF-16/Foxo, which is acti-

vated by starvation. Our results and the study of Simon et al.

(2014) therefore argue that the two branches of the insulin

pathway in response to nutrient deprivation—TOR and

FOXO—can contribute to reverse the impaired fertility pheno-

type of Argonaute mutants, making a compelling case for the

function of this pathway in the maintenance of germline immor-

tality. These observations have intriguing similarities with the

most conspicuous and universal somatic antiaging pathway,

the insulin-like signaling pathway (Kenyon, 2010), implying that

a single pathway controlling energy metabolism can modulate

the lifespan of cells both within a generation in the soma and

across generations in the germline.

EXPERIMENTAL PROCEDURES

Strains, Samples, and RNA Extractions

This study used the following alleles: fem-1(hc17), fem-3(q20), him-8(e1489),

prg-1(tm872), and csr-1(tm892), and the corresponding strains were obtained

from the CGC. Synchronized worm samples were obtained by alkaline hypo-

chlorite treatment (Porta-de-la-Riva et al., 2012), and the developmental stage

was confirmed by assessing vulva development (white-crescent stage; Koelle

and Horvitz, 1996) by Nomarski microscopy. For Figure S3, white-crescent

stage worms were selected and samples collected every 3 hr. Whole-worm

samples were obtained from 15 worms; dissected gonads for RT-PCR assays

of Figure 2 were collected from 50–100worms. Purified oocytes were obtained

as reported by (Miller, 2006). Purified spermwas obtained from dissectedmale

gonads and isolated on sperm buffer (Miller, 2006). Purified adult males were

obtained from a synchronous population of him-8(e1489) males and filtered

through a 35 mm filter. RNA extractions were performed with Trizol (Invitrogen)

and further purified using RNeasy Plus Micro kit (QIAGEN). All samples were

collected in at least biological triplicates.

qRT-PCR and Semiquantitative RT-PCR

RT reactions were carried out using Superscript III (Invitrogen) on a 20 ml reac-

tion containing RNA samples obtained either from whole worms, dissected

gonads or purified oocytes. cDNA was then diluted three times and used for

qPCR with Sybr Green mix (Applied Biosystems). qPCRs were carried out in

technical triplicates. Semiquantitative RT-PCR was performed with Go Taq

polymerase (Promega) on a thermocycler for 30 cycles using primers covering

the alternative junctions of exons 24 and 25. PCR products were digested with

TasI, which recognizes sequences present only in the TORa isoform, and the

products corresponding to the a and b isoforms were resolved by electropho-

resis on 6% acrylamide gels.

To normalize for differences in germline production among different mu-

tants, the levels of three sperm-specific markers, spe-44, msp-10, and spe-

26, were measured by qRT-PCR in RNA preparations of whole worms. The

average expression of these three markers was used to normalize the expres-

sion values of B0261.6, TOR (expression) or TORa/TORb isoforms. The

robustness of this normalization approach was validated with consistent re-

sults using all possible pair combinations of makers (Figure S3).

RNA-Seq

mRNA sequencing libraries for Figures 1, S1, and S3 were generated by the

dsDNALigSeqmethod as described by (Lamm et al., 2011). Total RNAwas ex-

tracted from frozen tissue samples with mirVana (Ambion) and the library was

prepared using reagents from Illumina (RS-100-0801). mRNA and small RNA

(sRNA) sequencing libraries for Figure S4were sequenced according tomanu-

facturer recommendations with Truseq kit (Illumina) at the CRG sequencing

facility.

In Situ Hybridizations

In situ hybridization of mRNA in dissected gonads was performed according to

the protocol described by Lee and Schedl (2006), although gonad dissection,

washes, and incubations were performed on a multiwell Pyrex plate (Electron

Microscopy Sciences). Primers employed to generate sense and antisense

probes for B0261.6 mRNA correspond to the sequences 50-TGCCTCG

CGATAATTCCTCTTCTTC-3 and 50-CAACGACACTTGCCTCGGCACTA-30,
respectively. The sense probe was used as negative control. Probes were

diluted 1:2 prior to the hybridization step.
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Phenotypic Rescue Experiment

Genomic fragments of introns 21 and 22 of TOR (let-363) excluding 40–50 bp

from the 50 and 30 splice sites were obtained by PCR and cloned into L4440

feeding vector. Clones corresponding to transcripts of Figures 4E, 4F, and

S4 were obtained from the C. elegans RNAi library (Kamath et al., 2003). For

Figure 4E,mortal germline phenotypeswere assessed as previously described

(Ahmed and Hodgkin, 2000; Simon et al., 2014). Briefly, for each condition

tested, ten 55 mm NGM plates with dsRNA-expressing bacteria were seeded

with ten L4 prg-1(tm872) worms, and L4 progeny counts of each plate were

determined 3–5 days later, carefully avoiding starvation. A plate was consid-

ered infertile when the progeny counts were below 20 worms. When progeny

counts were above 20, ten L4 worms were transferred to a new plate, and the

process was repeated for 40 generations. For the progeny counts of Figure 4F,

the total number of worms in the plates remaining at each generation (four for

L4440, six for i21, and six for R04D3.7) was counted.

Bioinformatic Analyses

mRNA-seq reads were aligned to the C. elegans genome (WS190) using

bowtie (Langmead et al., 2009) and tracks were uploaded to the UCSC

genome browser for display. To identify differentially expressed antisense

transcripts, DEseq (Anders and Huber, 2010) was used from the data ob-

tained from bowtie. Previously reported sRNA-seq data were retrieved

from GSE19414 for glp-1 mutants and N2 L4 worms (Figures 1C and S4);

from GSE11738 for prg-1 mutants and N2 control worms (Figure 3A);

and from GSE18167 for csr-1 mutant and N2 control worms (Figure 3C).

Reads were aligned to the TOR locus using bowtie. Quantification of sRNA

reads targeting B0261.6 was carried out using Perl scripts and Excel data-

sheets. Values displayed in Figure 3 correspond to small RNA reads per

million of reads mapped to the entire genome; in the case of small RNA reads

targeting intron 1 of B0261.6 (including the Helitron) in Figures 3B and 3E,

they include reads uniquely mapped to the intron as well as reads that

also map to other Helitrons with identical sequence.
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Figure S1. C. elegans sperm-specific antisense transcripts and associated endo-siRNAs 

(related to Figure 1). A) Identification of 58 sperm-specific antisense transcripts. 

Differentially expressed antisense transcripts identified from mRNA-Seq data. The chart on the 

left shows the number of antisense transcripts with differential expression between adult 

hermaphrodites and adult males; the chart on the right shows the number of antisense transcripts 

that are differentially expressed between adult hermaphrodites (wild type) and mutant 

hermaphrodites that just produce sperm cells; the chart in the center shows the overlap between 

differentially expressed antisense transcripts in the other two charts; B) RT-qPCR validation of 

sperm-specific expression of 9 antisense transcripts selected at random. The expression 

values of each antisense transcript were normalized to housekeeping genes (rsp-1 and gpd-2), the 

samples used are wild-type L4 worms (undergoing spermatogenesis), wild-type adult 

hermaphrodites (undergoing oogenesis) and adult males (purified from a him-8(e1489) 

population, see methods); error bars indicate the standard deviation; C) An example of a 

sense/antisense pair. Genome browser display of R05H10.3 and its sperm-specific antisense 

transcript Y53F4A.2 (similar to Figure 1A). D) F07C6.4 alternative splicing regulation during 

development. Left panel and gel, F07C6.4 gene model and alternative splicing regulation 

between L4 and adult WT worms detected by semiquantitative RT-PCR; right panel, RT-qPCR 

of F07C6.4 exon 7 splicing between L4 and adult WT worms, ratio of inclusion/skipping 

quantified by RT-qPCR. E, F) Examples of endo-siRNAs aligned to transcriptional units 

displaying alternative splicing events and harboring male germline-specific antisense 

transcripts. Displays are represented as in Figure 1C. E) abtm-1 and F) catp-1; sRNA reads for 

glp-1 germline-less worms are on track 1, for wild-type L4 worms on track 2, regions of 
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antisense transcription are indicated by a black arrow. Regions of abundant endo-sRNAs are 

indicated by red arrows. 
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Figure S2 

 

 

Figure S2. CeTOR (let-363) alternative splicing regulation and associated endo-siRNAs 

(related to Figure 2).  A) Changes in TOR a/b isoform ratios during development and gonad 

formation. CeTOR alternatively spliced region involves two alternative 3’ splice sites separated 

by 9 nucleotides (corresponding to protein variants differing by 3 amino acids). Bottom panel: 

semiquantitative-RT-PCR analysis of RNA from L4 and adult worms using primers in exons 24 

and 25 flanking the alternative exon junctions; amplification products were digested with TasI 
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(recognition site indicated in the upper panel) and separated by gel electrophoresis. The positions 

of fragments corresponding to the CeTOR a and b isoforms are indicated; B) Ratio between 

CeTORa and b isoforms obtained by RT-qPCR analysis of RNA from worms of different 

sex, developmental stages and organs; ratios are normalized to the values obtained for L4 

whole worms. Error bars correspond to standard deviations of at least three biological replicates, 

with three technical qPCR replicates each.  C) Changes in TOR a/b ratio detected by mRNA 

Seq. Genome browser shot of CeTOR alternatively spliced region in intron 24. The two 

alternative 3’ splice sites and the following exonic sequences are indicated by blue thick bars. 

Tracks display mRNA-Seq reads obtained from N2, glp-4 and fem-3 adult worms. The reads 

detect approximately 50% of use of each isoform in N2 worms, 25% of a isoform in fem-3 

worms and no evidence of a isoform in glp-4 (germline-less) worms. D) Endo-siRNAs detected 

in CeTOR intron 21 by sRNA-Seq.  Genome browser shot of intron 21 of CeTOR including the 

antisense transcript B0261.6; the tracks display sRNA-seq reads obtained from the same 

biological samples as A). sRNAs corresponding to regions of CeTOR / B0261.6 overlap are 

abundant in N2 and fem-3 worms but much less abundant in glp-4 worms.  
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Figure S3. Regulation of CeTOR alternative splicing by prg-1 and csr-1 (related to Figure 

4). A, B) Expression of B0261.6 and CeTOR in wild type and mutants worms using 

different subsets of male germline-specific markers for normalization. This normalization 

serves to account for possible reductions in the male germline in mutants of Argonaute proteins 

prg-1 and csr-1. Expression values of test genes and markers were obtained by RT-qPCR and 

every possible pair of spe-26, spe-44 and msp-10 male germline-specific markers was used for 

normalization, as in Figure 4 and as explained in Methods. Consistent results for changes in 

expression of B0261.6 and CeTOR were obtained in all conditions. Error bars indicate the 

standard deviation.  C) Alternative splicing of genes abundant in germline tissues is not 

affected in prg-1 or csr-1 mutant worms. Seven genes with differential expression between 

sex-specific samples and with alternative splicing events that show regulation between sex-

specific samples were assayed by RT-qPCR to obtain ratios between alternatively spliced RNA 

isoform in N2, prg-1 and csr-1 worms. Error bars represent standard deviation from three 

biological replicas. We conclude that neither prg-1 nor csr-1 mutations cause general changes in 

alternative splicing. D) Mutation of prg-1 and csr-1 affect CeTOR alternative splicing of 

hermaphrodite L4 worms but not of adult worms. Ratios between CeTOR splicing isoforms 

were determined by RT-qPCR and in Figure 4D for L4 or adult (Ad) worms, either wild type 

(N2) or prg-1 or csr-1 mutants.  The results show a reduction of the CeTORa/b ratio in prg-1 

mutants and an increase in csr-1 mutants in L4 hermaphrodite worms, but no significant 

differences in adult animals. Error bars indicate standard deviation. E) N2 and prg-1 worms 

have different TOR isoform ratios throughout the L4 to adult transition. N2 and prg-1 

worms were synchronized at the L4 stage, samples were collected every three hours for a total of 
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24 hours, and ratios between CeTOR isoforms were determined by RT-qPCR as in Figure 4D; 

error bars represent standard deviation. F) The timing of spermatogenesis is not affected in 

prg-1 or csr-1 mutants.  Worms were synchronized at L1 stage and grown at 20°C for 42 hours 

to obtain L4 animals. Some csr-1(tm892) mutants showed a developmental delays while others 

presented canonical L4 features in terms of size and the presence of a white spot (corresponding 

to an empty uterus) next to the vulva when observed under the stereomicroscope. L4 worms were 

selected on the basis of these features. G) Further validation of L4 stage by vulva morphology 

and presence of the vulval “christmas tree” shape, which is a hallmark of the L4 stage. DIC 

microscopy and high magnification of spermatogenesis areas (white boxes) in wild type, prg-

1(tm872) and csr-1(tm892) L4 animals revealed the presence of sperm precursors.  White arrows 

indicate spermatids. H) DAPI staining of some selected L4 animals (n>10 for each of the 

three strains). All animals showed the presence of sperm precursors. Areas within white boxes 

are shown at high magnification. White arrowheads indicate sperm precursors. White asterisks 

indicate sperm. 
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Figure S4 
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G 

 

Figure S4.  Rescue of the progressive sterility of prg-1 mutants by dsRNA against intron 21 

(related to Figure 4). A) Progressive sterility of prg-1 mutants. Progeny counts were 

determined for 10 worms in each data point after 10, 15 or 20 generations after receiving the 

strain from CGC. Error bars represent the standard deviation. B, C) RNAi rescue experiment 

controls. N2 worms were fed for 20 generations on bacteria expressing the corresponding 

dsRNA clone before counting progeny sizes. Different researchers performed the same 

experiment twice in different laboratories; the experiment in B) includes i21, i22, and L4440 

dsRNA clones; while the experiment on C) includes more dsRNA clones controls as explained 

below. The experiments in both A and B where performed by feeding prg-1(tm872) worms with 

bacteria expressing dsRNA for 15 generations (Panel B) or for 7 generations (Panel C). We 

found that optimal rescue of the prg-1 sterility phenotype by intron 21 dsRNA, required that the 

prg-1 worms display a strong phenotype (low progeny counts), but under conditions of extremely 

low progeny counts intron 21 dsRNA did not rescue the strong sterility phenotype. Thus, the 

effect of feeding prg-1 worms with CeTOR intron 21 dsRNA can be assimilated to a delay in the 

progressive sterility phenotype caused by prg-1 mutation. C) Progeny counts for prg-1 worms 

after 7 generations of feeding with the corresponding dsRNA-expressing bacteria (n>5) (* data 
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from F36A2.10(RNAi) worms corresponds to generation 6, due to sterility at generation 7). 

F55D12.6, F36A2.10 and T01E8.8 transcripts are highly abundant during spermatogenesis; 

R04D3.7 and F39C12.3 correspond to genes not expressed in the germline that contain intronic 

helitrons targeted by the RNAi clones used. B0261.6 appears to be the only helitron-containing 

transcript expressed in germline. D) Rescue of prg-1 mutants by crossing to WT worms. prg-1 

worms from generations 6 and 21 were crossed to N2 males and the levels of progeny scored. 

Error bars indicate the standard deviation. E) Absence of effects on progeny counts of feeding 

wild-type worms with dsRNA expressing bacteria for 20 generations. Progeny counts of N2 

worms that were fed with the corresponding dsRNA bacteria for 20 generations. Error bars 

indicate the standard deviation. F) Progeny levels on transgenic worms with pie-1::B0261.6 

single insertion. Progeny counts of transgenic worms that overexpress B0261.6 under the pie-1 

promoter, compared to a control strain. Error bars indicate the standard deviation. G) Model for 

male germline-specific regulation of CeTOR alternative splicing. In somatic tissues, CeTOR 

pre-mRNAs are spliced to 3' splice site b. Expression of the B026.1 antisense transcript during 

spermatogenesis offers sequences complementary to piRNAs directed against a Helitron 

transposon located within the first intron of the antisense transcript. The antagonistic effects of 

Argonaute proteins PRG-1 and CSR-1 influence piRNA synthesis and/or function, which in turn 

modulate CeTOR expression and activation of 3' splice site a.  
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Table S1 

  Antisense gene Sense gene 
Alt splicing 
event 

Upstream or 
downstream 

1 Y74C10AR.2 abtm-1 cassete exon downstream 

2 Y105E8A.27 catp-1 alt 5' ss downstream 

3 F36A2.10 F36A2.9 cassete exon downstream 

4 F56B3.6 F56B3.4 cassete exon downstream 

5 B0261.6 
let-363 
(TOR) alt 3' ss downstream 

6 Y53F4A.2 R05H10.3 cassete exon upstream 

7 F55D12.6 unc-55 alt 3' ss downstream 

 

Table S1. Seven examples of sense/antisense transcript pairs with sperm-specific expression 

of antisense transcripts and alternative splicing events identified in the sense transcript. 

The relative location of the alternatively spliced regions and the site of antisense transcription are 

also indicated. 
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Supplementary Materials and Methods 

Strains, samples and RNA extractions 

Mutant strains: fem-1 (hc17), fem-3 (q20), him-8 (e1489), prg-1 (WM161) and csr-1 (WM214) 

were obtained from the CGC. Synchronized worm samples were obtained by bleaching and the 

developmental stage was confirmed by microscopy of vulva development (white-crescent stage 

(1)). For figure S9, white-crescent stage worms were selected and samples collected every 3 

hours. Samples from whole worms were obtained from 15 worms; dissected gonads for the RT-

PCR assays of figure 2 where collected from 50-100 worms. Purified oocytes were obtained as 

reported in (2). Purified sperm was obtained from dissected male gonads and isolated on sperm 

buffer (Shaham, Wormbook). Purified adult males were obtained from a synchronous population 

of him-8 (e1489) males and filtered through a 35µm filter. RNA extractions were performed with 

Trizol (Invitrogen) and further purified using RNease Plus Micro kit (Qiagen). All samples were 

collected in at least biological triplicates. 

 

RT-qPCR and semi-qRT-PCR 

RT reactions were carried out using Superscript III (Invitrogen) on a 20 µl reaction containing 

RNA samples obtained either from whole worms, dissected gonads or purified oocytes. cDNA 

was then diluted 3x and used for qPCR with Sybr Green mix (Applied Biosystems), qPCR 

reactions were carried out in technical triplicates. Semi-quantitative RT-PCR was performed 

with Go Taq polymerase (Promega) on a thermocycler for 30 cycles using primers covering the 

alternative junctions of exons 24 and 25. PCR products were digested with TasI, which 

recognizes sequences present only in the CeTORa isoform, and the products corresponding to the 

a and b isoforms were resolved by electrophoresis on 6% acrylamide gels. 
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To normalize for differences in germline production among different mutants, the levels of three 

sperm-specific markers, spe-44, msp-10 and spe-26 were measured by RT-qPCR in RNA 

preparations of whole worms; the average expression of these three markers was used to 

normalize the expression values of B0261.6, CeTOR (expression) or CeTORa /b isoforms. The 

robustness of this normalization approach was validated with consistent results using all possible 

pair combination of makers (Figure S6). 

 

RNA-Seq 

mRNA sequencing libraries for figures 1, S1 and S4 were generated by the dsDNALigSeq  

method as described in (3). Total RNA was extracted from frozen tissue samples with mirVana 

(Ambion) and the library was prepared using reagents from Illumina (RS-100-0801). The 

sequence data is available at the NCBI Gene Expression Omnibus 

(http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE22410. mRNA and sRNA 

sequencing libraries for figure S5 were sequenced according to manufacturer recommendations 

with Truseq kit (Illumina) at the CRG sequencing facility. 

 

in situ hybridizations 

In situ hybridization of mRNA in dissected gonads was performed according to the protocol 

described in (4), although gonad dissection, washes, and incubations were performed on a multi-

well Pyrex plate (Electron Microscopy Sciences). Primers employed to generate sense and 

antisense probes for B0261.6 mRNA correspond to the sequences 5'-

TGCCTCGCGATAATTCCTCTTCTTC-3 and 5'-CAACGACACTTGCCTCGGCACTA-3', 
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respectively. The sense probe was used as negative control. Probes were diluted 1:2 prior to the 

hybridization step.  

 

Phenotypic rescue experiment 

Genomic fragments of introns 21 and 22 of CeTOR (let-363) excluding 40-50bp from the 5’ and 

3’ splice sites were obtained by PCR and cloned intro L4440 feeding vector. Clones 

corresponding to transcripts on Figure S9 were obtained from the C. elegans RNAi library (5). 

For figure S11, N2 worms were fed for 20 generations on bacteria expressing the corresponding 

dsRNA clone before counting progeny sizes. Figures S11A and S11B correspond to prg-

1(tm872) worms fed with bacteria expressing dsRNA for 15 generations (Figure S11A) or for 7 

generations (Figure S11B). We found that optimal rescue of the prg-1 sterility phenotype by 

intron 21 dsRNA, required that the prg-1 worms display a strong phenotype (low progeny 

counts), but under conditions of extremely low progeny counts intron 21 dsRNA did not rescue 

the strong sterility phenotype. Thus, the effect of feeding prg-1 worms with CeTOR intron 21 

dsRNA can be assimilated to a delay in the progressive sterility phenotype caused by prg-1 

mutation. 

 

Bioinformatics 

mRNA-Seq reads were aligned to the C. elegans genome (WS190) using bowtie (6) and tracks 

were uploaded to the UCSC genome browser for display. To identify differentially expressed 

antisense transcripts, DEseq (7) was used from the data obtained from bowtie. Previously 
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reported sRNA-Seq data were retrieved from GSE19414 for glp-1 mutants and N2 L4 worms 

(Figure 1c and S3); from GSE11738 for prg-1 mutants and N2 control worms (Figure 3a); and 

from GSE18167 for csr-1 mutant and N2 control worms (Figure 3c). Reads were aligned to the 

TOR locus using bowtie. Quantification of sRNA reads targeting B0261.6 was carried out using 

Perl scripts and Excel datasheets. Values displayed in Figure 3 correspond to small RNA reads 

per million of reads mapped to the entire genome; in the case of small RNA reads targeting 

intron 1 of B0261.6 (including the Helitron) in Figures 3b and 3e, they include reads uniquely 

mapped to the intron as well as reads that also map to other Helitrons with identical sequence 
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